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Abstract—The creep behavior of ultrafine crystalline RF micro-
electromechanical systems (RF-MEMS) devices is investigated in
this paper. The RF-MEMS devices are characterized through a
highly accurate capacitance-sensing setup, under a special bi-state
bias condition. In particular, the devices are kept continuously bi-
ased (on-state) for up to 1400 h, but the bias voltage is momentarily
removed for 1 min every hour in order to record the off-state ca-
pacitance. Measurements at two bias voltages of 20 and 40 V are re-
ported. The capacitance measurement uncertainty is less than 200
aF and the long-term stability is better than 4 fF throughout the
measurement period. Furthermore, we report the creep behavior
under the same bi-state bias condition through independent direct
optical measurements conducted with a confocal microscope-based
setup. The measurement uncertainty for the vertical displacement
reported in these measurements is less than 50 nm. These mea-
surements show for the first time the entire profile evolution of
the deflected beams and membranes for up to 168 h. Both the ca-
pacitance and optical measurements reveal the same trends for the
creep behavior of the devices. A physics-based creep model for the
ultrafine crystalline nickel devices is also included in this paper.
The required model parameters are obtained by fitting the simu-
lation results to the measured creep curve under a bias voltage of
20 V. Using the same material parameters and geometry, this model
correctly captures the rate of deformation during the steady-state
creep stage at 40 V. The model reveals that the observed steady-
state creep deformation at both 20 and 40 V is dominated by Coble
creep.
Index Terms—Creep, nickel, reliability, RF device mod-
eling and characterization, RF microelectromechanical systems
(RF-MEMS).
I. INTRODUCTION
P OTENTIAL failure modes of RF microelectromechanicalsystems (RF-MEMS) include dielectric charging [1]–[4],
stiction [5], fatigue [6], contact degradation [7], [8], and creep
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[9]–[15]. Creep can be observed in many widely used materials
for RF-MEMS, including gold, aluminum, nickel, copper, and
silicon (for high temperature). Recent studies on ultrafine crys-
talline metals have shown many extraordinary properties com-
pared to their coarse-grain counterparts [16]–[23]. For example,
ultrafine crystalline nickel exhibits ultimate strength five times
higher than coarse-grain nickel [17]. The superior material prop-
erties may make ultrafine crystalline metals better candidates for
RF-MEMS devices of higher performance and reliability. In this
paper, the authors explored the creep behavior of ultrafine crys-
talline nickel RF-MEMS devices.
Materials that creep exhibit a time-dependent response to an
applied force. For example, a constant axial load applied to a
beam may cause a progressively increasing axial elongation.
Both elastic and plastic deformation may result in this process.
This introduces a potentially serious problem to RF-MEMS de-
vices such as switches and varactors. For instance, the elastic
modulus of a device may decay over time when a force is ap-
plied to it. The restoring force of the RF-MEMS device therefore
decreases and thus the chance of the switch being permanently
closed may rise [13].
Research on material creep can be traced back to the 19th
Century. Maxwell, Kelvin, and Boltzmann studied the creep
of glasses, metals, and rubbers [24]. However, it only became
a topic of considerable discussion for the microelectrome-
chanical systems (MEMS) community primarily in the last
decade. Vicker-Kirby et al. reported anelastic phenomena in
MEMS cantilever accelerometers [9]. Silicon, nickel, and gold
cantilevers were controlled electrostatically using a feedback
circuit that senses the tunneling current at the cantilever tip and
applied an appropriate voltage to maintain a constant gap of
10 Å. This voltage decreased gradually within the measurement
duration of 30 h. This experiment also demonstrated that gold
is prone to creep most among these three materials. Tuck et al.
conducted a creep test on polysilicon beams for 600 s at 1072 K
and above [10]. The loading was mechanically applied with
probes and the elongations of -doped polysilicon beams were
measured at various temperatures. Electrical and mechanical
failure due to dopant migration and oxidation were observed.
van Gils et al. performed a creep experiment on an aluminum
RF-MEMS switch [11]. It was pulled-in using electrostatic
force and the deformation of the suspension beam was measured
optically for 15 h. A finite-element-analysis (FEA) simulation
was conducted based on a measured macroscale creep response
to verify the microscale measurement. However, discrepancies
were found between the measurement and the FEA simulation.
Yan et al. performed a stress-relaxation test on a gold thin film
0018-9480/$26.00 © 2011 IEEE
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using a bulge test technique [13]. The gold film was inflated
pneumatically and the capacitance between the deformed
gold film and the electrode beneath was measured for 72 h.
A cyclic-loading test was also carried out to demonstrate the
linearity of anelasticity in such film. The decrease of restoring
force in the RF-MEMS switches was discussed based on the
calculation and measurement of the bulged gold film. Chasiotis
et al. conducted an investigation into the strain-rate effects
on the creep behavior of ultrafine crystalline gold films [12].
Atomic force microscopy (AFM) and digital image correlation
(DIC) were utilized in the tensile tests of dog-bone shaped
specimens at various strain-rates. It is reported that the decrease
of the maximum strength, effective Young’s modulus, and yield
strength in gold thin film at low strain rate was attributed to
dislocation creep. The authors carried out capacitance measure-
ments of a nickel analog RF-MEMS varactor for 1400 h under
a bi-state bias condition [14]. The impacts of the creep behavior
on tunable RF-MEMS resonators were discussed based on the
experimental results [15].
In this paper, a numerical model is developed to predict the
steady-state creep behavior of ultrafine crystalline RF-MEMS
devices. This model can also be used to help identify the steady-
state creep mechanism in ultrafine crystalline materials. It is
shown that the steady-state creep in ultrafine crystalline nickel
RF-MEMS devices is dominated by Coble creep. The model
validation is carried out with low-noise capacitance measure-
ments up to 1400 h. The critical details on how these capacitance
measurements achieve high accuracy and stability are also dis-
cussed. Optical measurements are performed in addition to the
capacitance approach to verify the creep behavior. The proposed
creep model, along with the measurements up to 1400 h, can
improve the understanding of long-term operation of ultrafine
crystalline RF-MEMS devices and may lead to more reliable
designs. They may also play a key role in lifetime prediction.
This paper is organized as follows. In Section II, the funda-
mentals of creep are reviewed. The design and fabrication of the
RF-MEMS device under study are discussed in Section III. The
details of the experimental setup are introduced in Section IV.
The experimental results are discussed in Section V. Finally, the
creep model is elaborated upon in Section VI.
II. BACKGROUND
The typical creep-time curve has three stages: primary creep,
secondary creep, and tertiary creep, as shown in Fig. 1 [24].
They are also referred to as transient creep, steady-state creep,
and accelerating creep. The primary creep (stage I) can be iden-
tified with a monotonic decrease in its slope. The time asso-
ciated with the secondary creep is typically much longer than
stages I and III. Therefore, the secondary creep (stage II) is of
greater importance. The creep process is in a steady state in the
secondary-creep stage and the strain rate usually converges to a
constant. The tertiary creep (stage III) is accompanied by cav-
itation and the formation of microcracks on the grain bound-
aries. In this stage, the strain rate increases rapidly and eventu-
ally leads to the rupture of the material.
A few creep mechanisms have been proposed to estimate the
steady-state creep (stage II) strain rate at various conditions,
including dislocation glide, power-law creep, Nabarro–Herring
Fig. 1. Typical creep curve for pure metal. Stages I, II, and III are primary
creep, secondary creep, and tertiary creep, respectively. In the measurement of
this curve, the applied stress and the ambient temperature need to remain con-
stant.
creep, Coble creep, and grain-boundary sliding [16], [18], [23].
At high stress, the time-dependent deformation is dominated by
dislocation glide. For a given applied stress , the steady-state
creep strain rate can be expressed in general as [25]
(1)
where is the shear modulus of the material [defined later in
(5)]. Diffusional creep is characterized by a linear relation be-
tween the stress and strain rate . Grain boundary sliding
mechanisms are recognized when . In power law discola-
tion creep, is greater than 3 [25].
Creep of coarse-grain materials have been widely studied
and the mechanisms involved during the deformation are well
established [25]. On the other hand, the deformation in ultrafine
crystalline materials have been studied only in recent years
[21]–[23] and a complete description of the process is still
lacking due to the complexity of the microstructure, including
nonuniform grain size distributions [18]–[20], high-volume
fraction of grain boundaries, and crystalline defects [16], [26].
Some of these features were studied experimentally and incor-
porated in models and have helped to understand the transition
among different creep deformation mechanisms.
Due to the high volume fraction of grain boundaries, diffu-
sion creep along the grain boundaries is considered to be the
most significant in ultrafine crystalline materials. In particular,
at room temperature, Coble creep is the most important type of
diffusion creep [16]. Coble creep involves vacancy flow along
grain boundaries, and therefore, the creep rate is described by
an equation of the form
(2)
where is a constant that depends on material coefficients of
nickel as follows:
(3)
where m s [25] is the grain boundary diffu-
sion coefficient, KJ/mol [25] is the activation energy,
is the ideal gas constant, nm is the Burgers vector,
is the grain size, is the temperature, J/K
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Fig. 2. Schematic of the studied RF-MEMS device as viewed from side (top)
and from above (bottom). The gold electrodes underneath the nickel plate are
denoted via dashed lines.
is the Boltzman constant, and GPa [23] is the initial
yield stress. We assume linear hardening for the evolution of the
yield stress as
(4)
where is the von-Misses strain, and we take from
stress-strain curves of ultrafine crystalline nickel [23].
III. RF-MEMS DEVICE
The schematic of the RF-MEMS device under study is shown
in Fig. 2 with its key dimensions listed in Table I [14]. The
moving parts of the device consists of a nickel top-plate and four
symmetric suspension beams. Three gold electrodes are under-
neath the nickel plate. The bias voltage is applied to the two elec-
trodes at the side, and the capacitance is sensed using the center
electrode. Such a device constitutes a typical configuration of
an analog RF-MEMS varactor. Unlike switched RF-MEMS de-
vices, there are no dielectric layers in this design. This mini-
mizes the effect of dielectric charging and provides substantial
insights into the creep behavior the device.
The spring constant and the pull-in voltage are the critical pa-
rameters of an RF-MEMS device. They are two of the factors
employed to determine the required bias voltages in the creep
measurements. In order to calculate the spring constant of this
device, the shear modulus, moment of inertia, and torsional mo-
ment of inertia need to be first calculated [27]. The shear mod-
ulus is given by
(5)
TABLE I
NOMINAL DIMENSIONS OF THE RF-MEMS DEVICE
where is the Young’s modulus and is the Poisson’s ratio.
The moment of inertia for beams with a rectangular cross sec-
tion is given by [27]
(6)
and the torsional moment of inertia is given by [27]
(7)
The spring constant of the device along the -axis is given by
[27]
(8)
The pull-in voltage of the device under the parallel-plate as-
sumption is given by [28]
(9)
where is the permittivity in free space. The spring constant
and pull-in voltage of this device obtained using (8) and (9) are
51 N/m and 44 V, respectively.
The RF-MEMS device is built on a -type high-resistivity
silicon substrate with a 500-nm-thick thermally grown sil-
icon–dioxide film. An 1- m-thick gold film is sputtered and
lifted off to define the bottom electrodes and electrical con-
nections of the device. The anchors are then patterned through
a 3- m-thick photoresist sacrificial layer. The seed layer for
nickel electroplating consists of 50-nm sputtered titanium and
30-nm evaporated nickel. A 6- m-thick photoresist layer is
shaped to form the electroplating mold. The nickel electro-
plating is carried out in a nickel-sulfamate bath at a temperature
of 50 C and a pH value of 4. The current density is 6 mA/cm .
A 3- m-thick nickel layer is electroplated on the seed layer
selectively based on the photoresist mold. The nickel and
titanium seed layer are stripped with HCl : water
and HF : water at room temperature, respectively.
The photoresist sacrificial layer is removed by immersion in
photoresist-stripper-2000 at 75 C for 24 h. Finally, the device
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Fig. 3. Confocal-microscopy image of the fabricated RF-MEMS device. The
average gap between the suspended nickel plate and gold electrodes is 3  m.
There are no dielectric layers in this device [14].
is dried in a critical point dryer (CPD). The fabricated device
is shown in Fig. 3 [14].
IV. EXPERIMENTAL CAPACITANCE SETUP
Two difficulties may be encountered during the observation
of creep behavior through a capacitance setup. First, the ca-
pacitance change rate is in the order of 0.1 fF/h. The measure-
ment noise and drifting needs to be minimized to reveal the true
creep movement. Second, the accuracy of the capacitance mea-
surement is crucial in the gap extraction from the capacitance.
Approximately a 0.1- m change in gap results in about 10-fF
change in capacitance in the operation region of this device,
though actually this is not a linear relationship. A commercial
capacitance sensor, AD7746, from Analog Devices Inc., Nor-
wood, MA, is employed to perform the low-noise and low-ca-
pacitance measurement. This AD7746 is a high-precision ca-
pacitance-to-digital converter (CDC) consisting of a 24-bit –
modulator and a third-order digital filter.1 The maximum input
range is 4 pF and the typical resolution is 40 aF. An internal tem-
perature sensor is implemented to compensate the error caused
by the fluctuation of the ambient temperature. A 32-kHz square
wave of 0.4 V in amplitude is fed to the capacitor-under-test
through node , as shown in Fig. 4(a). The capacitance is
measured at node and converted into a binary code. The dc
level of these two nodes are maintained at 1.5 V 40 mV by the
input stage of AD7746. This ensures that the bias voltage across
the device is stable.
One significant property of this CDC circuit is that it senses
only the series capacitors between the two input nodes of the
circuit. Any shunt capacitors connecting to the ground will be
ignored with a small penalty in accuracy. For the shunt capac-
itance less than 50 pF, the accuracy penalty is negligible. The
capacitance is measured at a rate of 5 samples/s. In this work,
each data point is the average of 100 acquired samples and the
uncertainty of such a point is defined as one standard deviation
of these 100 samples.
There are three factors that may jeopardize the long-term
measurement: noise, parasitics, and drifting. The noise is the
1AD7746 CDC, Analog Devices Inc., Norwood, MA. [Online]. Available:
http://www.analog.com
Fig. 4. (a) Schematic of the measurement setup with parasitic capacitors. The
bold lines represent the conductors (not to scale). (b) Optical image of the
RF-MEMS device mounted on a PGA package. (c) Simplified circuit model
when the gold-plate package is grounded. (d) Experimental setup consists of
opaque shielding boxes, laptops equipped with AD7746, a high-voltage power
supply, and a multimeter [14].
limiting factor of the measurement uncertainty. The measure-
ment uncertainty is larger than 5 fF in an open environment
because of radiation and photo-generation. It is lowered to
less than 200 aF by utilizing an opaque electrically grounded
shielding box and coaxial cables. The device die is wire bonded
and mounted on an gold-electroplated pin-grid-array (PGA)
package.
Fig. 4(a) shows the parasitic capacitors that may effect
the measurement. is the capacitor-under-test between
the nickel top plate and the bottom sensing electrode of the
RF-MEMS device. represents the parasitic capacitor
between the bottom sensing electrode and the large gold plate
on the PGA package where the device die sits. and
are the total parasitic capacitance along each signal line to the
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package gold plate, including the device electrodes, bonding
wire, and routing paths inside the package. The gold plate on
the PGA package has a large area of 1.2 cm 1.2 cm and
makes these three parasitic capacitor , , and
very bulky compared to the capacitor-under-test . The total
capacitance of these three parasitic capacitors is determined by
the actual geometry of the bonding wires and the routing path
inside the package. It ranges from 2 to 3 pF, whereas is
roughly 200 fF. This problem can be addressed by shorting the
package gold plate to the ground. As mentioned previously, the
CDC circuit measures only the series capacitance and ignores
the capacitors shunted to ground. With proper grounding, only
and are effective in the capacitance measurement,
as shown in Fig. 4(c). This approach significantly reduces the
parasitic capacitance by a few picofarads. is the sum of
the parasitic capacitors between the two signal lines, including
electrodes, bonding wires, and routing paths inside the package.
Unlike , , and , this cannot be eliminated
by shorting the setup to ground. An open-circuit calibration is
therefore adapted to de-embed . This calibration pattern
consists of the identical electrodes and wire-bonding pads to
the actual device so that all the parasitic capacitors between
electrodes, bonding wires, and paths inside the package are
ruled out. The typical is about 140 fF. It should be
noted that a small error may inevitably result because of the
dissimilarity in the geometries of the bonding wires on the
calibration pattern and on the device. This error can be reduced
by correctly placing of the bonding wires in a manner that they
are far away from each other and in the same plane to minimize
the electrical cross section of the wires. The error is reduced to
less than 10 fF.
The long-term drift of the experimental setup is another sub-
stantial issue. It needs to be characterized to validate that the
measured capacitance change is due to the nature of viscoelas-
ticity and not the artificial drift of the experimental setup. A
long-term drift test is carried out by measuring the capacitance
of the RF-MEMS device without applying any bias for 1500 h.
These small fluctuations in Fig. 5(a) and (b) [14] result from the
slight change in the ambient temperature that has an approxi-
mate period of 24 h. It is believed that the two sharp transitions
found at 550 and 900 h are artificial for two conceivable rea-
sons. First, the instrument ground of the building is polluted.
Extra charges are injected and elevate the electrical ground level.
Second, the parasitic capacitance is unintentionally altered be-
cause of mishandling the electrical connections. It is shown that
the effect of the long-term drift can be neglected in this work.
The overall drift is less than 4 fF over 1500 h, which is about
1% of the device capacitance at 1000 h and beyond.
V. EXPERIMENTAL RESULTS
The RF-MEMS devices are measured using a bi-state bias
condition, as shown in Fig. 6(a). In the first state, a constant
bias-voltage is applied to the device for 60 min. In the
second state, the bias voltage is removed for 1 min. This is a vari-
ation of the constant-voltage bias condition that can be found
in many RF-MEMS applications. This modification provides
insights into the transient response of the RF-MEMS devices
Fig. 5. Performance of the experimental setup. (a) Long-term drift is measured
on an analog RF-MEMS device without applying bias. The measured drift is
less than 4 fF over 1500 h. (b) Close-up of the drift. An approximate period of
24 h can be observed. (c) Measurement uncertainty is defined as one standard
deviation of every 100 samples [14].
affected by creep. Specifically, with limited perturbations, this
bias condition enables the monitoring of the capacitance and the
spring constant of the device simultaneously under a constant
bias voltage.
An FEA simulation is conducted to estimate the stress level of
the device during the measurements, as shown in Fig. 7 [29]. In
this simulation, it is assumed that the maximum elastic deflec-
tion in the measurement span is reached. It is shown that most
of the stress is concentrated in sections AB and CD for this type
of suspension beams. The stress in most parts of these regions
is less than 20 MPa. The stress in section BC is even lower.
This is confirmed with the optical measurements in the next
section. The simulation also indicates that the average stress
throughout the suspension beams is less than 4.4 MPa during the
whole measurement span. The maximum stress is extremely lo-
calized near the corners and is less than 49 MPa. This maximum
stress may be an overestimation due to the abrupt corner in the
FEA model, compared smooth curved corners in the actual de-
vice. The maximum and average strain are less than 0.032% and
0.004%, respectively. For the reader’s reference, the ultimate
strength of ultrafine crystalline nickel is about 1.5 GPa [17].
The measured spring constant of these RF-MEMS devices
using an in-house nanoindentation system ranges from 55 to
67 N/m, which is slightly higher than the calculation (51 N/m)
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Fig. 6. Experimental results of the RF-MEMS device at      V for
1400 h. (a) Measured capacitance.  is the initial capacitance. (b) FEA-ex-
tracted gap.  represents the initial gap [14].
Fig. 7. Simulated Von Misses stress distribution of the RF-MEMS device. In
this simulation, the elastic deflection of the nickel plate is about 0.6 m, which
is the maximum value during the measurement span.
and FEA simulation (59 N/m). This is due to the geometry vari-
ation caused by fabrication tolerances. The measured pull-in
voltage is about 50 V.
The TEM image of this ultrafine crystalline nickel film is
shown in Fig. 8 [30]. The titanium/nickel seed layer can be
found at the bottom. A re-deposition layer can be found on the
top of the nickel film. This layer is generated during the TEM
sample preparation with a focused ion beam (FIB) and does not
exist on the devices-under-test.
Fig. 8. TEM image of the ultrafine crystalline nickel film. [30].
Fig. 9. Measured gaps (black) at biased and unbiased states obtained using the
confocal microscope. The trend-lines (red in online version) are fitted to the
measurements using a series of decaying exponentials.
A. Capacitance Measurements
Two RF-MEMS devices are measured at 20 and 40 V for 760
and 1400 h, respectively. These devices have the same design
and are fabricated on the same wafer. The measured capacitance
of the device biased at 40 V is shown in Fig. 6(a) [14]. The bi-
ased curve represents the capacitance measured in the first state
V . The capacitance measured in the second state
( is removed) is shown in the unbiased curve. The mea-
sured capacitance exhibits two regions. In the first 200 h, the
capacitance of the device rises rapidly with a decaying slope
and shows a behavior similar to the primary creep. After 200 h,
the device enters the secondary creep. The slope of the capaci-
tance curve approximates a constant. This is consistent with the
typical creep curve, as shown in Fig. 1.
In contrast to the rather simplistic point of view that the ca-
pacitance of the device returns to the initial capacitance in-
stantly after the bias is removed, the capacitance that is
measured in the second state remains between and , as
shown in Fig. 6(a). This phenomenon is due to the creep defor-
mation of the device. depends on the whole loading his-
HSU et al.: EXPERIMENTAL AND THEORETICAL INVESTIGATION OF CREEP IN ULTRAFINE CRYSTALLINE NICKEL RF-MEMS DEVICES 2661
Fig. 10. Measured profiles of the suspension beam at bias voltage of 40 V. They are measured at the center of the beam using a confocal microscope. The horizontal
and vertical axes are not to the scale. (a) Unbiased      V. (b) Biased      V.
tory. It is noted that no solid dielectric layers exist between the
top and bottom electrodes of the device. The partial or complete
recovery from the creep deformation is possible for some ma-
terials after the applied load is removed for a sufficient amount
of time [24]. The recovery rate and the residual deformation are
functions of the temperature. Although the device may recover
if it is left unbiased for sufficiently long time, such recovery is
beyond the scope of this paper.
The gap and electrostatic force of the device are extracted
using an FEA model [31]. The gap of the device biased at 40 V
shown in Fig. 6(b). This 3-D electrostatic model contains all
the electrodes, pads, and the substrate. The parasitics and the
fringing fields are included in this FEA model to obtain an ac-
curate extraction of the gap and electrostatic force. These ex-
tracted data are crucial in the validation of the proposed creep
model.
B. Optical Measurements
A ultrafine crystalline RF-MEMS device on a different die
is measured using a confocal microscope.2 It is noted that the
initial gap of the device on this wafer is 4.1 m instead of 3 m
due to fabrication imperfections. The 3-D images of the device
are captured and the device geometries are obtained from these
images. The gap of the device is calculated with
(10)
where is the height from the top of the device to the sub-
strate, and and are the thickness of nickel and gold, re-
spectively. The typical measurement uncertainty is 50 nm.
2LEXT OLS 3000, Tokyo, Japan, 2004. [Online]. Available: http://www.
olympus.com
The same bi-state bias condition is applied to this device for
168 h. The unbiased and biased gaps are depicted in Fig. 9. It is
observed that these curves can be divided into two regions. In the
first region, the gap decreases rapidly over time. In the second
region, the slope approximates a constant. These phenomena
are in agreement with the results obtained from the capacitance
measurements and also the typical creep curve in Fig. 1.
The profiles of the suspension beam at the 0, 48, 96, and 168 h
when the bias voltage is 40 V are measured using the confocal
microscope, as shown in Fig. 10. These profiles are combined
with three sections of the beam AB, BC, and CD, as shown in
Fig. 10(b). The data is taken at the center of the beam. Due to
the limitation of the microscope, the profile data near the anchor
could not be accurately obtained. Hence, the most right portion
of the profiles are truncated. The actual angles of sections AB
and CD to the surface is less than 10 .
VI. ULTRAFINE CRYSTALLINE CREEP MODEL
In this section, we carry out numerical simulations of creep
deformation of the ultrafine crystalline RF-MEMS device.
Fig. 10 shows the gap profile of the leg with its three sections.
The low Von-Misses stress contours in the section BC, shown
in Fig. 7, give further evidence that the deflection is carried
by the sections AB and CD of the beam. Therefore, in our
simulations, we replace the structure ABCD by a straight beam
of effective length m, width m, thickness
m, and an effective Young modulus GPa.
At room temperature and at low level of stress, the creep
process is dominated by grain boundary diffusion. The Coble
creep (2) can be extended to 3-D state of stress as follows:
(11)
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where are the components of the deviatoric
stress and is the trace of . The evolution of the creep rate
is solved assuming Bernoulli–Euler beam theory where we im-
pose that the slope of the deflection of the beam in the anchor
and in the end next to the plate is zero. The algorithm employed
in the calculation of the deflection curve proceeds as follows
[32].
1) Equilibrium gap. The elastic and the electrostatic forces
equilibrate instantaneously and we assume that the initial
inelastic strain due to creep is zero. We find the equi-
librium gap by solving the equation
(12)
The left-hand side of (12) represents the electrostatic force,
where is the gap and is computed by fitting the
force-gap curves obtained with the FEA tool, as shown in
Fig. 11(a) [31]. We obtain N m for
an applied voltage of 40 V and N m
for an applied voltage of 20 V. The right-hand side of (12)
represents the elastic force where is the elastic deflection
and is the inelastic deflection and initially . The
initial gap, , is given by the experimental value and de-
pends on the device geometry. The effective stiffness
is fitted to obtain the experimental elastic gap.
2) Stress distribution. For the gap obtained in 1), the stress
distribution and the beam deflection are calculated using
Bernoulli–Euler approximation with stress components
given by
(13)
(14)
where is the axial direction, is meausred from the neu-
tral plane, and is the moment
(15)
3) Incremental update. The inelastic strain is updated incre-
mentally using (11). is then integrated to obtain the new
inelastic displacement curve and the new gap, . With the
updated , we go to 1) and solve (12). Since the creep rate
is low, the time step used in the calculations is 1 h. It is
found that, in this simulation, the solution is independent
of the time step for time steps 1 h or smaller.
In the simulation, a grain size nm is assumed. The
coefficient in (11) is adjusted until the simulated deflection
matches the measured creep curve. At an applied voltage of
20 V, the best fit is achieved with s. The
coefficient , obtained from the fitted and (3), is
a very reasonable number compared with the values reported in
the literature [16], [21]. The reported in literature span from
30 [21] to 0.3 10 [17]. Different values of can be explained
in terms of the large uncertainty in the grain size in general and
in the simulations also due to the geometrical approximations of
the model in which the frog legs are replaced by straight beams.
Using the same material parameters and geometry, we simulate
Fig. 11. (a) FEA-extracted (black) and the simulated deflections (red in online
version) of the ultrafine crystalline RF-MEMS devices at 20 and 40 V. (b) Force
versus gap employed in the creep simulation. These curves are obtained from
an FEA simulation [31].
the deflection when the applied voltage is 40 V. Fig. 11 shows
the simulated curves and the experimental results for both ap-
plied voltages. It is interesting to notice that we are able to pre-
dict the creep rate during secondary creep for an applied voltage
of 40 V without changing the parameters in this model.
Our results show that steady-state creep deformation of this
ultrafine crystalline nickel device at room temperature at 20
and 40 V can be explained with Coble creep mechanism. As
expected, with higher stress exponents , we are not able to
capture the creep rate observed in the experiments. Even more,
during stage II creep, we are able to calculate the rate of defor-
mation at two different voltages using the same creep rate law
(11) and material constants.
As long as the device is in the secondary stage and not
shorted, our model is capable of predicting the creep behavior
for any applied voltage. Unfortunately with continuum models
as the presented one, the transition from one creep stage to the
next cannot be predicted. For example, differences on the two
experimental creep curves are notorious during the first stage of
deformation. The extent of stage I varies in both experiments.
The simulations do not currently incorporate transient creep,
and therefore the discrepancies during transient creep have not
been studied with our model.
VII. CONCLUSION
The creep behavior of ultrafine crystalline RF-MEMS varac-
tors is examined up to 1400 h under a bi-state bias condition
using an experimental setup of measurement uncertainty of less
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than 200 aF and long-term drift of less than 4 fF over 1500 h.
Optical measurements are conducted and verify the trends of the
capacitance measurements. An ultrafine crystalline creep model
is proposed and demonstrated to accurately describe the creep
behavior of ultrafine crystalline RF-MEMS varactors in the sec-
ondary creep. It is found that Coble creep is the dominating
mechanism in the steady state for ultrafine crystalline nickel
RF-MEMS devices. The insight from these measurements and
the creep model may play a key role in lifetime prediction. They
may be also generalized and applied to other MEMS devices
based on thin-film metals, such as pressure sensors, accelerom-
eters, and microactuators.
A model that incorporates creep deformation in a simplified
geometry is also developed. The creep rate constant and the
stress exponent are obtained by fitting the results of the sim-
ulation to the creep curve obtained with an applied voltage of
20 V. With the same rate and material constants, we are able to
predict the steady-state creep with an applied voltage of 40 V.
Our simulations show that the best fit to experimental values is
obtained with an stress exponent confirming that creep
occurs as a result of grain boundary diffusion.
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